Opiates have long been used as analgesics to relieve pain associated with various medical conditions. μ-opioid receptor (MOR) is the main member of the opioid receptor super-family and the excitation or overexpression of MOR promotes the proliferation of many kinds of tumor cells. It was found in our previous studies that MOR was highly expressed in the tissue and cells of human liver cancer. However, the impact of MOR on the progress of human liver cancer remains unknown. The purpose of this study is to investigate the impact of MOR downregulation on the progress of human liver cancer and the mechanisms involved. RNA interfering or specific inhibitor was administered to downregulate the MOR in human hepato cellular carcinoma cells and it was found that the proliferation of hepatocellular carcinoma cells was significantly inhibited with the increase of the apoptotic rate, while the cell cycle was blocked in G0/G1 phase and the tumor growth in the mice was retarded. In addition, downregulation of MOR resulted in the increase of phosphorylation of the MKK7 expression and JNK activation. On the contrary, blockade of MKK7 pathway can reverse the antitumor role of MOR. In summary, downregulation of MOR is able to inhibit both in vivo and in vitro human liver cancer progress and it shows potential to be used in cancer therapy.
Introduction
Hepatocellular carcinoma (HCC) accounts for ~95% of the primary liver cancer and is one of the malignant tumors of high malignancy and poor prognosis. As shown in the epidemic disease statistics, the incidence rate of liver cancer in the world ranks no. 8 among all kinds of cancers, and its mortality ranks no. 4 with ~0.5-1 million deaths each year. Resection is universally recognized as the best approach to cure liver cancer, but the total 5-year survival rate after the surgery is low with only 34.6% in terms of large hepatocellular carcinoma and 62.9% in terms of small hepatocellular carcinoma (1) (2) (3) (4) .
μ-opioid receptor (MOR) is the main member of the opioid receptor super-family that is extensively distributed in the body. It is found in studies that MOR activation promotes the proliferation of many kinds of cells (5) (6) (7) (8) and facilitates the growth of some malignant tumors (9-12) such as lung cancer, breast cancer, neuroblastoma and colon cancer. This means MOR plays an important role in the proliferation and differentiation of various kinds of cells. MOR is found to have apparently higher expression in HCC cells than in the normal liver cells. However, the role that MOR plays in HCC progress has not been reported. In addition, little is known about the mechanism by which MOR promotes tumor growth.
C-jun N-Terminal Kinase (JNK) signal pathway is one of three parallel pathways in the center of the pathway of mitogenactivated protein kinase (MAPK) that plays an important role in regulating the tissue cell reaction, such as cell proliferation and differentiation (13) (14) (15) . It has been demonstrated by previous studies that MKK7 and MKK4 are two kinases at the upstream of JNK pathway which can activate the JNK signal pathway via the phosphorylation of Tyr and Thr residue (16) . However, different from the subtypes of other MAPK, MKK7 on the Thr residue is sufficient and specific to activate JNK pathway which, in turn, activates substrates such as transcription factors or pro-apoptotic proteins (17) . Moreover, various studies have demonstrated that MKK7 is indispensable for JNK activation (18) . Because of the important role MKK7 plays in JNK pathway activation, it is necessary to explain its role in MOR against HCC.
The purpose of this study was to investigate the impact of down regulating MOR on in vivo and in vitro human liver cancer progress and to explore its possible molecular mechanism. We found the downregulation of MOR was able to inhibit the proliferation of hepatoma cells and significantly retarded the tumor growth. Moreover, it was found that MKK7 Cell culture. Cells after cell passage was inoculated in the DMEM culture medium (Gibco-BRL, NY, USA) containing 10% fetal calf serum (Hyclone Laboratories, UT, USA), 100 U/ml penicillin and 100 U/ml streptomycin. Then it was cultured in the incubator containing 5% CO 2 and 95% oxygen at 37˚C.
Cell viability. Cells of various experimental groups in logarithmic growth phase were taken and 6 duplicate wells were set for each group with a negative control group. All the cells were put into 5% CO 2 incubator for further culture prior to color reaction. Each well was added with 20 µl of MTT (5 mg/ml) and cultured in CO 2 incubator for 4 h before the culture solution was disposed of. DMSO (200 µl) was added to each well for room temperature oscillation for 10 min and the OD values were measured with microplate reader at a wavelength of 490 nm.
Immunohistochemical analysis. Paraffin specimen section was conventionally dewaxed to water and dehydrated with gradient alcohol, for antigen retrieval, incubated for 10 min in 3% H 2 O 2 solution at room temperature. Drowise 5 µl of 10% goat serum was added and then sealed for 10 min at room temperature. Rabbit anti-human (50 µl) MOR monoclonal antibody (1:50) was added and placed at 4˚C overnight. Biotin labeled goat anti-human antibody (50 µl) was added and incubated for 30 min at room temperature. DAB stain with haematin was applied for 2 min with hydrochloric alcohol differentiation. Dehydration was performed with gradient alcohol. Evaluation was performed by microscopy and images were taken.
siRNA transfection. The cells were inoculated in the 6-well culture plate at the density of 5x10 5 /ml. Cells were cultured in medium free of antibiotics to >60% confluence. The culture medium free of serum and antibiotics was replaced. Purified cells were transfected for 24 h with siRNAs to μ-opioid receptor (MOR siRNAs; Santa Cruz Biotechnology, CA) at a concentration of 20 nM. Transfected cells were placed into the CO 2 incubator to cultured for 4 h, then the culture medium with serum was used to continue the culture. Non-specific Control siRNA was used as the control group. siRNA interfering efficiency was tested with RT-PCR and western blotting.
RNA extraction and RT-PCR.
Instructions of the RNAiso TM Plus (Takara, Japan) for total RNA extraction were followed, employing the RT-PCR reagent (Takara) for RT-PCR reaction with the steps as shown in the instructions. MOP forward primer: 5'-TCTGGCTCCAAAGAAAAGGA-3', reverse primer: 5'-CAATGCAGAAGTGCCAAGAA-3'. MKK7 forward primer: 5'-GCCAGACTGGGAAGAAATCTG-3', reverse primer: 5'-GGCGGACACACACTCATAAA ACAGA-3'. β-actin forward primer: 5'-CTGGGACGACATGGAGA AAA-3', reverse primer: 5'-AAGGAAGGCTGGAAGAG TGC-3'. PCR reaction system 50 µl at the following reaction conditions: 94˚C 2 min, 94˚C degeneration 30 sec, 58˚C anneal 30 sec, 72˚C extension 30 sec, total 31 cycles. The PCR product was electrophoresed with 1.0% agarose gel, then scanned and analyzed with gel imaging system.
Analysis of apoptosis.
Trypsin was digested to collect the cells, and the cells were washed twice with pre-cooled PBS, and single cell suspension were prepared. Annexin V and PI staining fluid were added, respectively, in accordance with the steps of the instructions for apoptosis reagent kit (Annexin V-FITC kit, Biosea Biotechnology Co., Beijing, China) for 15 min at room temperature before the analysis with flow cytometry for apoptosis.
Analysis of cell cycle. Trypsin (0.25%) was digested to collect the cells and washed with PBS 2 times, then fixed at 4˚C with 70% cold ethanol overnight. The ethanol was discarded the following day, and 2 more washes with PBS followed. PI comprehensive dye medium (1 ml) (with 10 µg of RNase, and 5 µl of Triton X-100) was added, then stored in a dark for 30 min at 4˚C before analysis with flow cytometry (BectonDickinson, USA).
Western blot assay. Total protein was separated with SDS-PAGE. Proteins were placed to PVDF membranes, with the semidry method, and seal with 5% skim milk powder at 4˚C overnight. The membrane was washed with TBST and the first antibody added at 37˚C for hybridization for 1 h. The second antibody was then applied at 37˚C for hybridization for 1 h, before the use of TBST and color reaction for 5 min with autoradiography. Quantity One for optical density value analysis and measurement was used. The results are shown as specimen optical density value/β-actin optical density.
Nude mouse vaccination. Ten male nude mice, aged 6-8 weeks and weighing ~20 g were used. The anumals were cared for by the Animal Experimental Center of Jilin University (Changchun, China). The animal experimental plan was approved by the medical ethics committee of Jilin University. The mice were randomly divided into two groups of 5 mice each. The animals were vaccinated with the cells of control group and MOR siRNA group, respectively. Each mouse was injected with 1x10 5 cells. The growth of the nude mice were observed every day, and after four weeks the mice were sacrificed. The subcutaneous transplanted tumor tissue was cut, under aseptic condition, for index analysis.
Statistical analysis. SPSS 17.0 statistical software was used for the statistical analysis. The values are shown as the mean ± SD. The statistical analysis was performed using the Student's t-test, and the differences between the groups were considered to be statistically significant at p<0.05.
Results

MOR expression in human hepatoma carcinoma cells and tissues.
RT-PCR and western blotting were employed by us to analyze the expression of MOR mRNA and protein in human hepatoma carcinoma cells. It was found that there was high expression of MOR mRNA in HepG2 cells and BEL7402 cells (Fig. 1A) . The expression of MOR protein in HepG2 cells and BEL7402 cells was similar to that of mRNA (Fig. 1B) . Moreover, it was found by the immunohistochemical analysis that MOR expression in human hepatoma carcinoma tissues was obviously higher than that in normal human liver tissues (Fig. 1C) .
RNA interference to silence MOR gene expression. We used MOR siRNA and negative control oligonucleotide to transfect HepG2 cells and observed the MOR mRNA and protein expression of transfections under various conditions. We found that 45 nM of MOR siRNA transfection for 24 h could significantly reduce the expression level of MOR mRNA, and the expression level of MOR protein declined accordingly. This efficiency can endure at least for 72 h ( Fig. 2A and B) . This indicates that MOR siRNA transfection could effectively silence the MOR gene and affect the expression of MOR expression in turn. Fig. 3A and B) . As indicated in the results, with the increase 
Downregulation of MOR to promote apoptosis of human hepatoma carcinoma cells.
In order to explore whether downregulating MOR results in apoptosis of human hepatoma carcinoma cells, we used Hoechst 33342 stain and flow cytometry to observe apoptosis of human hepatoma carcinoma cells. The results indicated that after the administration of Naloxone and MOR siRNA to treat human liver cancer HepG2 cells, the cell's chromatin concentrated with the brightness obviously higher than the normal control group (Fig. 4A) . The apoptosis rate was 18.36 and 22.99%, respectively, which are both higher than the 6.6% of the control group ( Fig. 4B and C) . This indicates that downregulation of MOR can promote apoptosis of human hepatoma carcinoma cell to inhibit the growth of human hepatoma carcinoma cells in turn.
Downregulation of MOR to block the cycle of human hepatoma carcinoma cells.
In order to study whether downregulating MOR has any impact on the progress of the cycle of human hepatoma carcinoma cells, we used flow cytometry to analyze the cell cycle. The results indicated that after HepG2 cells were treated with the administration of Naloxone and MOR siRNA, the number of cells remaining in the G0/G1 stage increased significantly and was higher than that of the control group (Fig. 4D) . Therefore, downregulation of MOR functions inhibiting the progress of the human hepatoma carcinoma cell cycle, so as to inhibit cell growth.
Downregulation of MOR to inhibit nude mouse tumor growth.
We used the nude mouse model to establish the in vitro tumors. After 4 weeks, the five nude mice of the normal control group all had tumors with the tumor formation rate of 100%. Four nude mice in the MOR siRNA group had tumors with the tumor formation rate of 80%. In addition, the tumors of the nude mice in the control group grew faster than those in the MOR siRNA group (Fig. 4E and F) . These results evidenced that downregulation of MOR can distinctly inhibit the tumor progress in vivo.
Downregulation of MOR to increase phosphorylated MKK7
expression. In order to verify the molecular mechanism for downregulating MOR to inhibit the growth of human hepatoma carcinoma cells, we used RT-PCR and western blotting, respectively, to test the MKK7 mRNA and MKK7 proteins and their phosphorylation levels. We found that after MOR was downregulated, the total protein expression level of MKK7 mRNA and MKK7 was not obviously changed, while the MKK7 phosphorylation level was significantly increased and was higher than that of the control group. Moreover, we found JNK and its phosphorylation level also increased drastically (Fig. 5A-C) . These results show that downregulating MOR can increase the expression level of phosphorylation MKK7 (but not for all MKK7), which results in JNK and its phosphorylation level. This may be its molecular mechanism to inhibit the growth of hepatoma carcinoma cells.
RNA interference role to silence MKK7 for reversal of MOR to inhibit growth of human hepatoma carcinoma cells.
In order to demonstrate whether MKK7 plays a key role in the inhibition of the growth of human hepatoma carcinoma cells via downregulation of MOR, we used RNA interference to silence MKK7 expression and observed the growth of human hepatoma carcinoma cell. The results showed that after MKK7 was silenced, A490-nm value of the hepatoma carcinoma cells was apparently on the increase as compared to that in the group with downregulating MOR. At the same time, JNK and its phosphorylation level dropped signifi- cantly (Fig. 6A-C) . Our data indicated that the inhibition of the growth of human hepatoma carcinoma cells via downregulation of MOR may be through the JNK pathway mediated by the MKK7 pathway.
Discussion
μ-opioid receptor (MOR) is a member of the opioid receptor super-family, and its role in antitumor has gained a great deal of attention. Previous studies have shown that MOR can participate in the progress of many solid tumors via affecting the proliferation and apoptosis of tumor cells (9, 10, 12) . In this study, we mainly focused on exploring the impact of downregulation of MOR on the progress of human liver cancer and its molecular mechanism. Our study findings were similar to the above reports. We found the expression level of MOR in human hepatoma carcinoma cells and tissue were far higher than that in the normal liver cells and tissue, and they were mainly on the surface of the cell membrane. This indicated that MOR may participate, playing a key role, in the human liver cancer development.
The impact of MOR on liver cancer was previously unknown. However, MOR plays a significant role in protecting neuronal cells, myocardial cells and intestinal mucosa cells. Iglesias et al (19) found in their studies, that MORactivation may prevent apoptosis of SH-SY5Y cells and cerebral cortex neurons caused by serum withdrawal via PI3-K/AKT signal pathway. Maslov et al (20) found in the cardiac ischemia-reperfusion injury that MOR agonist plays a significant role in protecting acute IRI and it is closely related to KATP pathway. Gross et al (21) reported that a neotype enkephalin derivative EP94 can reduce the MI area of the rat via activating MOR. In addition, the studies of Goldsmith et al (22) demonstrated that MOR may promote the healing of the mouse acute intestinal injury via activating the Stat3 pathway. Although there might be a specific difference between the liver tumor cells and the normal cells such as myocardial cells in our study, our study findings are similar to those in the studies mentioned above. It is indicated in our findings that the expression level of MOR in human hepatoma carcinoma cells increased significantly, which means MOR played a key role in the proliferation and differentiation of hepatoma carcinoma cells. However, its specific role and relevant mechanism deserve further verification.
To date, there have been few studies on the MOR in the generation and progress of human tumors and many questions remain to be effectively explained. Lennon et al (9) found in their studies that the overexpression of MOR could promote the activation of Akt and mTOR resulting in the tumor growth and metastasis. Mathew et al (23) found high expression of MOR in human lung cancer and MOR promotion of tumor progress. In our study, we found downregulation of MOR could obviously inhibit the proliferation of human hepatoma carcinoma cells with increased cell apoptosis rate and the blockade of cell cycle in the G0/G1 stage. Moreover, in in vivo experiments, the growth of the tumors of the mice retarded greatly indicating that MOR overexpression in human hepatoma carcinoma cells and tissue plays a positive regulation role in the progress of liver cancer.
Mitogen activated protein kinase (MAPK) signal transduction pathway consists of a large family of kinases for the cell to respond to exogenous and endogenous stimuli (24, 25) . These three main MAPKs, JNK, p38 MAPK and ERK play important roles in regulating the response of tissue cells (26) . In addition, JNK is widely recognized as the intracellular signal transduction enzyme associated with cell proliferation, differentiation and apoptosis. The high expression of JNK1 and JNK2 in tissues affect the development of many types of cancer (27, 28) . As an important member of a three-level cascade reaction, phosphorylated MKK7 may specifically activate the JNK signal pathway, and regulate cell growth, differentiation and apoptosis, as previously indicated (29) . MKK7 (SEK2) is a component of MAPK signal transduction pathway and a direct upstream kinase that phosphorylates Thr-183 and Tyr-185 in JNK VIII area to activate JNK to transduce extracellular stimulation signal to the cell and nucleus for the cells to have a series of biological reactions. Thus, their inactivation can block the JNK signal transduction pathway and is a good approach to control cell damage. Tang et al (30) found in the in vitro experiments and studies that Alpinetin can inhibit the proliferation of human hepatoma carcinoma cells and increase its sensitivity to cisplatin, a chemotherapy drug via activating the MKK7/JNK signal pathway. Therefore, the activation of MKK7 is a crucial factor in our study. Previous studies demonstrated that MOR can play its role via PTX-senstive G protein signal transduction pathway (31) and KATP signal transduction pathway (32) . Moreover, Wang et al (33) found that MOR plays its regulating role via PKC/MAPK pathway. Our results show that downregulation of MOR may result in the increase of MKK7 phosphorylation to trigger the increase of JNK protein and its phosphorylation level to inhibit the proliferation of cells. In addition, we saw that after MKK7 was blocked by RNA interference, degardless of downregulation of MOR or not, as the cell proliferation was not affected. Therefore, our conclusion is that the main function of downregulating MOR is to inhibit the proliferation of human hepatoma carcinoma cells, while activated MKK7 provides an important strategy for this.
Collectively, it is demonstrated by our study that downregulation of MOR may activate JNK signal transduction pathway via regulating MKK7 phosphorylation level so as to obviously inhibit the proliferation of hepatoma carcinoma cells and cause tumor growth retardation. MOR may make important contributions by being a new approach to prevent and treat liver tumors.
